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Abstract—Cell motility plays a critical role in many physi-
ological and pathological settings, ranging from wound
healing to cancer metastasis. While cell migration on
2-dimensional (2-D) substrates has been studied for decades,
the physical challenges cells face when moving in 3-D
environments are only now emerging. In particular, the cell
nucleus, which occupies a large fraction of the cell volume
and is normally substantially stiffer than the surrounding
cytoplasm, may impose a major obstacle when cells encoun-
ter narrow constrictions in the interstitial space, the extra-
cellular matrix, or small capillaries. Using novel microfluidic
devices that allow observation of cells moving through
precisely defined geometries at high spatial and temporal
resolution, we determined nuclear deformability as a critical
factor in the cells’ ability to pass through constrictions
smaller than the size of the nucleus. Furthermore, we found
that cells with reduced levels of the nuclear envelope proteins

lamins A/C, which are the main determinants of nuclear
stiffness, passed significantly faster through narrow constric-
tions during active migration and passive perfusion. Given
recent reports that many human cancers have altered lamin
expression, our findings suggest a novel biophysical mecha-
nism by which changes in nuclear structure and composition
may promote cancer cell invasion and metastasis.

Keywords—Lamin, Nucleus, Mechanics, Cancer, Microflui-
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ABBREVIATIONS

2-D Two-dimensional
3-D Three-dimensional
ANOVA Analysis of variance
BSA Bovine serum albumin
DMEM Dulbecco Modified Eagle Medium
FBS Fetal bovine serum
GFP Green fluorescent protein
LINC Linker of nucleoskeleton and cytoskeleton
MEF Mouse embryonic fibroblast
MMP Matrix metalloproteinase
PBS Phosphate buffered saline
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PDGF Platelet derived growth factor
PDMS Polydimethylsiloxane

INTRODUCTION

The ability of cells to move within their environment
is crucial for numerous physiological and pathological
processes. During development, cell migration con-
tributes to shaping the growing embryo and to forming
nascent tissues; in mature organisms, immune cells are
mobilized from the blood stream to enter sites of
infection, and migration of epithelial cells and fibro-
blasts is vital for proper wound healing and tissue
repair. In cancer metastasis, cell migration drives the
invasion of tumor cells into the surrounding tissue and
the dissemination to other organs. The fact that cancer
metastasis, rather than the primary tumor, is respon-
sible for up to 90% of all cancer deaths4 has been one
of the primary motivators to study cell migration.

Traditionally, research on cell migration has involved
observing cells moving on flat, two-dimensional (2-D)
substrates, owing primarily to the convenience in sam-
ple preparation and the ability to image cells at high
spatial and temporal resolution. These studies have
resulted in tremendous insights into the intricate pro-
cesses occurring during cell migration, particularly at
focal adhesions and the actin cytoskeleton. Nonetheless,
research carried out over the past decade indicates that
cell migration in 3-D environments, as is the case in
most physiological processes inside the human body,
can substantially deviate from migration on 2-D sub-
strates.1,11,12,20,31 Much of this work has focused on
specific changes in cell morphology (e.g., spreading,
cytoplasmic organization, etc.) or migration mode (e.g.,
amoeboid vs. mesenchymal migration) when comparing
cells in 2-D vs. 3-D environments.11,12 However, one
additional and particularly important difference is that
in 3-D migration, cells have to overcome the confine-
ment of the surrounding extracellular matrix and other
cells.1,13,20 In many cases, the openings in the cell’s 3-D
environment can be as small as 2–30 lm in diame-
ter,36,43 i.e., substantially smaller than the cell diameter.
Under these conditions, cells have two options: (1) to
degrade/modify their environment to create sufficient
space, for example, by secretion of matrix metallopro-
teinases (MMPs); or (2) to deform to fit through the
available space. In the latter option, the deformability of
the cell becomes an important factor in the ability of
cells to pass through 3-D environments.

The cytoplasm is very flexible and can undergo large
deformations; in addition, the cytoskeleton can actively
remodel to take up the available space, allowing it to
penetrate openings as small as 1 lm.44 The cell nucleus,

on the other hand, is 2- to 10-times stiffer than the sur-
rounding cytoplasm and occupies a large fraction of the
cellular volume7; with a typical diameter of 3–10 lm, the
nucleus is larger than many of the pores encountered in
the extracellular environment, so that cell movement
through such constrictions requires substantial nuclear
deformations.13,14,39,44 Importantly, a recent study by
Wolf and colleagues suggests that nuclear deformability
constitutes a rate-limiting factor during non-proteolytic
migration of cells through 3-D collagen matrices.44 As
nuclear deformability is directly dependent on the
expression of the nuclear envelope proteins lamins A and
C,24,25 we analyzed the effect of lamin expression on the
ability of cells to transit constrictions smaller than the
nuclear diameter during migration in 3-D environments
or perfusion through microfluidic devices with precisely
controlled constrictions. We found that mouse embry-
onic fibroblasts (MEFs) partially (Lmna+/�) or com-
pletely (Lmna�/�) lacking lamins A/C, for which we had
previously demonstrated increased nuclear deformabi-
lity,24,25 passed significantly faster through the narrow
constrictions than wild-type (Lmna+/+) controls.

MATERIALS AND METHODS

Cell Culture

MEFs from mice with homozygous (Lmna�/�) or
heterozygous (Lmna+/�) deletion of the Lmna gene
encoding lamins A/C, along with wild-type littermate
controls (Lmna+/+), were generously provided by
Dr. Colin Stewart.37 Human SV40 virus-transformed
skin fibroblasts (GM00637J), originally obtained from
Coriell Cell Repositories, were stably modified with a
tetracycline-regulated (Tet-off) GFP-lamin A con-
struct15 provided by Dr. Tom Glover and maintained
as described previously.41 NIH 3T3 fibroblasts were
modified with mCherry–Histone-4 and GFP-LifeAct
to allow visualization of nuclear position and F-actin
distribution. All cells were maintained in Dulbecco
Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), penicillin and strepto-
mycin. Medium for live cell imaging was further sup-
plemented with 25 mM HEPES buffer.

Device Fabrication

The migration devices were fabricated at the Cornell
NanoScale Science and Technology Facility (CNF)
using standard lithography techniques. The perfusion
devices were modeled on a design by the Fletcher
laboratory32 and described previously.21,33 In brief, the
design consists of 10 lm tall microfluidic channels
that bifurcate multiple times and lead to 5 lm-wide
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constriction channels. A wide bypass channel is in-
cluded to assure maintenance of uniform pressure drop
across the constriction channels even if some channels
are blocked.

The migration devices contain features of two dif-
ferent heights, produced from a mold composed of two
layers: one 5 lm tall layer to form the constrictions
channels, and a second, 250 lm tall layer to create cell
collection areas directly before the constrictions (in
which cells are seeded) and behind the constrictions (in
which cells that have passed the constriction can
gather). The constriction channels are made of a series
of round pillars, with three narrow openings in a row,
measuring 5, 3, and 2 lm in width, respectively
(Fig. 1a). We created two variations of the migration
devices; one of which consisted entirely of channels
with narrow constrictions, the other additionally
including regularly spaced 15 lm wide passages that
were used to study cell migration in the 5 lm tall
channels without substantial nuclear deformation.
Large reservoirs on either side of the constrictions that
can be filled with media were used to establish a che-
motactic gradient across the device.

Molds of the devices were fabricated from SU-8
photoresist. Briefly, a silicon wafer was baked at
200 �C for half an hour, then SU-8 was spun onto the
wafer to obtain a 5 lm thick layer. To study the
migration of cells along a chemotactic gradient in less
confined conditions, we also created a variation of the
migration device in which the channels had a height of
15 lm, but were otherwise identical. Wafers were
baked at 60 �C for 10 min, cooled, and UV exposed
using the first mask. Wafers were then baked briefly at
95 �C, cooled, and the unexposed SU-8 was dissolved
in SU-8 developer. After development, the wafers were
baked again at 200 �C for half an hour, then SU-8 was
spun on the wafers to obtain the 250 lm thick layer.
The wafers were then baked at 50 �C for 24 h, exposed
using the second mask, and baked at 95 �C for 10 min.
After cooling down, the wafers were developed, the
heights of the structures were measured on a profi-
lometer and the wafers were coated with
(1H,1H,2H,2H-perfluorooctyl)trichlorosilane to facili-
tate detachment during replica production. Replicas of
the SU-8 molds were produced using poly-
dimethylsiloxane (PDMS). The two components of
Sylgard 184 (Dow Corning) were mixed in the 1:10
ratio recommended by the manufacturer, the mixture
was degassed to eliminate bubbles and poured over the
wafer in a plastic petri dish. This assembly was then
baked at 65 �C for 2 h. The resulting PDMS replica
was carefully peeled away from the SU-8 structures
and individual migration devices were cut out and
placed on packing tape to prevent dust from accumu-
lating on the clean surface. Inlets for cells were

punched using 1.2 mm biopsy punches, and reservoirs
for medium were created using 5 mm biopsy punches
(Harris).

Microfluidic devices were assembled by bonding the
PDMS replicas to glass slides. Glass slides were incu-
bated in 0.2 M HCl overnight, rinsed with deionized
water, isopropanol and water again, then dried off with
filtered air. Both the glass slides and the PDMS repli-
cas were exposed to an oxygen plasma for 5 min and
the PDMS was then placed on the glass slides, which
sealed instantly. The newly formed microfluidic devices
were baked at 95 �C on a hot plate for 5 min, doused
and perfused with 70% ethanol to sterilize, followed by
sterile water.

Validation of Gradient Formation in Migration Devices

Migration devices were passivated with 30 mg/mL
BSA in PBS at 4 �C overnight to reduce absorption of
fluorescently labeled dextran to the PDMS surface.
Prior to imaging, the BSA solution was replaced with
PBS on the side the cells are loaded on and Texas Red-
labeled 70-kDa dextran (Molecular Probes) dissolved
at 10 mg/mL in PBS (Invitrogen) on the other side,
mimicking the conditions for the migration experi-
ments with a PDGF gradient. The devices were then
covered with a glass coverslip to minimize evaporation,
placed on the heated microscope stage or in a tem-
perature controlled incubator and imaged at defined
time-points for up to 24 h. Line profiles of the fluo-
rescence intensity were obtained using Zen light soft-
ware (Zeiss) and the average profiles from at least three
different measurements at each time point were used to
determine the time course and stability of the gradient
formation reported in Fig. 1. As the PDGF used for
the migration experiments has a lower molecular
weight (~25 kDa) than the fluorescently labeled dex-
tran, it is expected that the PDGF gradient forms even
faster than the data presented in Fig. 1.

Cell Perfusion Experiments

Experiments to measure passive nuclear deforma-
bility were performed as described previously.21 In
brief, prior to the experiments, the microfluidic chan-
nels were treated with BSA (20 mg/mL in PBS) for
30 min to reduce cell adhesion. Cells suspended in PBS
with 20 mg/mL bovine serum albumin (BSA) at a final
concentration of 3 9 106 cells/mL were passed
through a cell strainer and transferred into Exmire
Microsyringes mounted on a microdialysis pump
(CMA Microdialysis). A second syringe loaded with
PBS + 20 mg/mL BSA was used to prime and occa-
sionally flush the devices. Cells were perfused through
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the microfluidic device at a rate of 2.0 lL/min and
imaged at 209 magnification with a MegaPlus 310T
CCD camera (Roper Scientific) at 30 frames/s. Perfu-
sion transit times through the 5 lm constrictions were
determined from recorded 60–90 s long videos as
described previously.32 Separate aliquots of the cell
suspensions were imaged at 109 magnification with a
Roper CoolSNAP HQ and cell sizes were determined
using ImageJ software. All cells used for the perfusion
experiments had a similar size distribution.

Micropipette Aspiration

Experiments to measure nuclear stiffness were carried
out following previously established protocols.8,34 Mic-
ropipettes were pulled from glass capillary tubing (Sutter
Instrument; 1 mm outer diameter; 0.5 mm inner diame-
ter) with a Flaming/Brown Micropipette Puller (Model
P-97, Sutter Instrument). Micropipettes were then cut to
have an opening with an inner diameter of 4.0–5.5 lm.
Subsequently, micropipettes were fire-polished and
shaped using a Micro Forge (MF-900, Narishige). Mic-
ropipettes were immersed in PBS with 20 mg/mL BSA
for 1 h tominimize cell adhesion andbackfilledwithPBS.
Cells incubated with Hoechst 33342 for 10 min at 37 �C
were suspended in DMEM + 10%FBS and placed in a
microscope mounted glass-bottom culture dish. Individ-
ual cells in suspension were carefully positioned at the
mouth of the micropipette using a negative aspiration
pressure of DP = 10 mm H2O. Subsequently, the aspi-
ration pressure was increased to DP = 75.5 mm H2O
with a valve system developed in house, resulting in
partial aspiration of the cell nucleus. Aspiration contin-
ued until an equilibrium position was reached and the
nucleus stopped further advancing into the micropipette
(typically less than 15 s). For a given aspiration pressure,
the nuclear elasticity inversely scales with the ratio of the
aspirated nuclear length, LP, and the micropipette
diameter, D (Fig. 3).8 Cells in which the nucleus was
positioned away from the micropipette were excluded
from the analysis. Cell viability during the experiments
was monitored using propidium iodide in the medium.

Cell Migration Through Microfluidic Constrictions

Cells for migration experiments were suspended in
DMEM containing 10% FBS at a final concentration
of 5 9 106 cells/mL. The migration devices were
incubated with 0.2 mg/mL fibronectin (Millipore) in
phosphate buffered saline (PBS) for at least 2 h at
37 �C. The fibronectin-coated devices were then filled
with fresh medium and aliquots of 20000 cells were
added to each device (4 lL of 5 9 106 cells/mL). Live
cell imaging experiments were carried out 24 h after
seeding cells into the devices. Immediately prior to
imaging, the medium in both wells of the device was
replaced with phenol red-free medium containing
25 mM HEPES (Gibco); for experiments using a che-
motactic gradient, the well towards which the cells
were migrating additionally contained 200 ng/mL
PDGF as a chemoattractant. After medium replace-
ment, glass coverslips were added to the top of the
devices to limit evaporation, and the devices were
placed in a temperature-controlled chamber on a Zeiss
LSM 700 confocal microscope (AxioObserver) equip-
ped with a CCD camera (CoolSNAP EZ, Photometrics)

FIGURE 1. Overview of the microfluidic migration device. (a)
Cells are seeded in a 250 lm tall chamber of the device (far
left), which is separated from the other chamber (far right) by
5 lm tall constriction channels consisting of PDMS pillars.
Larger pillars create a series of 5, 3, and 2 lm wide constric-
tions (black arrows). In the direction perpendicular to the
gradient, 2 lm wide spacings between pillars (white arrow-
head) allow the gradient to form uniformly even when cells are
inside the constriction channels. Channels with wider spacing
(15 lm, black arrowheads) are provided to assess the cell
migration speed without nuclear confinement. Shown here are
human skin fibroblasts expressing GFP-lamin A migrating
through a device towards a PDGF chemotactic gradient. Scale
bar: 50 lm. (b) Gradient formation of fluorescently labeled
(Texas Red) 70 kD dextran after 24 h. (c) Fluorescence inten-
sity across the migration device during gradient formation
with 70 kD fluorescent dextran, demonstrating that the gra-
dient forms quickly (within 30 min) and is stable over 24 h.
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and a motorized stage (Zeiss). Time-lapse images were
recorded every 2 or 10 min for 8–14 h total. Image
sequences used for the analysis of cell migration were
acquired with a 209 objective in widefield/phase con-
trast mode. Fluorescence images were acquired in
confocal mode with a 639 objective.

For the 48 h migration studies, we quantified the
number of cells successfully passing through the con-
striction channels using devices that did not contain
the wider 15 lm channels. Cells were seeded in the
devices; after 24 h, the medium was replaced with
imaging medium; the media in the reservoir on the

FIGURE 2. Nuclear deformation during migration through narrow constrictions. (a) Time-lapse image sequence of NIH 3T3 cells
expressing fluorescently tagged Histone-4 (red) and actin (green) migrating through a 3 lm wide constriction, revealing sub-
stantial nuclear deformation. Scale bar: 20 lm. (b) Top-view and cross-sections of a confocal 3-D reconstruction of a cell migrating
through a 3 lm-wide constriction, stained for DNA (blue) and F-actin (green). The cross-sections (right) demonstrate that the cell
takes up the entire height of the device and that the nucleus fills out the constriction. Scale bar: 5 lm. White arrow denotes
direction of migration. (c) Confocal 3-D reconstruction of a cell expressing GFP-lamin A migrating through a 2 lm-wide con-
striction. The cross-section through the constriction (II) suggests compression and buckling of the nuclear lamina inside the
constriction. Scale bar: 5 lm. (d) Confocal top- and side-view of a single cell entering the 5 lm tall constriction channel inside the
migration device. The channels were filled with fluorescently labeled dextran (red; left images) and cells were stained for DNA
(blue) and expressed fluorescent actin (green). As the cell enters the 5 lm tall channel, the cell and nuclear height adjusts to the
available height of the channel (compare bottom left and right images). Scale bar: 10 lm.
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other side of the constrictions was additionally sup-
plemented with 200 ng/mL PDGF. Images were taken
then and 24 h later on an inverted microscope (Zeiss
AxioObserver) with a 109 objective and a CCD cam-
era (CoolSNAP EZ). The number of cells that had
successfully passed through the constrictions was
determined from these images. The proliferation rates
of the different cell lines were measured by passaging
the cells every 48 h five-times in a row, counting the
cells and each time re-seeding 1 9 106 cells in a T75
flask. The average fold-change over a 48 h period was
then determined from the cell counts and used to

normalize the number of cells that had migrated
through the constrictions.

Analysis of Cell Migration Through Microfluidic
Devices

Time-lapse image sequences were collated into
movies and corrected for drift in the x–y plane using a
custom-written MATLAB algorithm. In most cases,
the cells analyzed only went through one constriction
within the time frame of the experiment and the data
points presented here thus represent different cells.
Movies of individual cells traveling through constric-
tions were cropped and the Manual Tracking plugin in
ImageJ was used to track the position of the front and

FIGURE 3. Lamin A/C-deficient cells have more deformable
nuclei. (a) Representative images from high-speed time-lapse
videos of cells being perfused through 5 lm wide microfluidic
constriction channels, revealing that wild-type cells (Lmna+/+)
take substantially longer to enter and move through the
constriction channel than lamin A/C-deficient (Lmna2/2) cells.
(b) Perfusion transit times through 5 lm constriction chan-
nels in the perfusion experiments. N = 167 cells for Lmna+/+,
236 for Lmna2/2; ***, p < 0.0001. (c) Micropipette aspiration
measurements on wild-type and lamin A/C-deficient cells,
demonstrating that lamin A/C-deficient cells have more
deformable nuclei. The nuclear elasticity is inversely propor-
tional to the ratio of the aspirated nuclear length, LP, and the
micropipette diameter, D. N = 17 cells for Lmna+/+, 18 for
Lmna2/2; *, p = 0.0105.

FIGURE 4. Experimental approach to quantify the migration
transit times of the nucleus through the narrow constrictions.
Time-lapse image sequences were used to measure the
amount of time between when the cell nucleus enters and
exits the constriction. In this example, a Lmna+/+ MEF is
shown. Entry into the constriction is defined as the time point
at which the cell nucleus crosses a threshold (left yellow
dotted line) located 5 lm in front of the constriction center;
the nucleus is defined as having exited the constriction when
the back of the nucleus crosses a threshold 5 lm past the
center of the constriction (right yellow dotted line). The white
dashed line indicates the outline of the nucleus for demon-
stration purposes. The center of the constriction is marked
with a red dashed line. See Supplemental Data for represen-
tative time-lapse microscopy sequences of Lmna+/+, Lmna+/2

and Lmna2/2 cells. Scale bar: 20 lm.
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the back of the nucleus as it was passing through the
constrictions. The migration transit time of a cell
through a constriction was defined as the time between

when the front of the cell crossed an imaginary line
5 lm in front of the constriction center and when the
back of the nucleus passed a corresponding line 5 lm

FIGURE 5. Reduced lamin A/C levels facilitate migration through narrow constrictions. (a) Migration transit times for Lmna+/+,
Lmna+/2 and Lmna2/2 cells migrating through constrictions 15, 5, 3, or 2 lm wide and 5 lm tall. Wild-type (Lmna+/+) cells take
significantly longer to pass through the 2 3 5 and 3 3 5 lm2 constrictions than cells with reduced lamin A/C levels. For wild-type
cells, but not Lmna+/2 and Lmna2/2 cells, migration transit times were negatively correlated with constriction size (p < 0.01).
N = 24–41 cells per genotype, constriction; ***, p < 0.001 compared to Lmna+/+ cells. (b) Migration transit times through narrow
constrictions normalized to the corresponding migration transit times through 15 lm-wide channels, which are larger than the
nucleus. Wild-type cells have impaired migration efficiency through the smallest constrictions, indicated by increased normalized
migration transit times, while cells with reduced levels of lamins A/C maintain comparable migration transit times for all con-
striction sizes. N = 24–41 cells per genotype, constriction; #, p < 0.05 compared to migration transit times through 15 lm channels.
(c) Migration transit times through 2 3 5 lm2 constrictions normalized to the 15 lm channels without the presence of a chemo-
attractant gradient; #, p < 0.05 compared to migration transit times through 15 lm channels.

FIGURE 6. Cell migration velocity in unconfined conditions. (a) Single cell migration analysis of MEFs migrating on 2-D fibro-
nectin-coated glass substrates, indicating that wild-type (Lmna+/+) MEFs migrate slower than Lmna+/2 and Lmna2/2 cells. PDGF
stimulation had no significant effect on migration velocity. (b) Migration velocity in the direction of a chemoattractant (PDGF)
gradient in 15 lm wide channels with heights of 5 lm (3-D migration) or 15 lm (2.5-D migration). Consistent with the 2-D migration
experiments, wild-type cells moved more slowly than the lamin A/C-deficient cells; unlike the lamin A/C-deficient cells, wild-type
cells had impeded migration speeds in the 5 lm tall channels compared to the 15 lm tall channels, indicating a possible effect of
partial nuclear compression (Fig. 2d).
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behind the constriction center (see dotted lines in
Fig. 4). A similar analysis was performed on cells in
the 15 lm wide channels to obtain values of the
migration transit time of cells under non-constrained
conditions. In addition, we measured the size and cir-
cularity of nuclei inside the 5 lm tall channels (but
outside the narrow constrictions) using a custom-
written MATLAB script.

Single Cell Migration Experiments and Analysis

Single cell migration assays were performed using
small chambers built by punching 1 cm diameter holes
into PDMS slabs approximately 5 mm thick and
bonding these slabs onto glass slides to obtain multiple
wells. The size of the glass slides was such that six wells
could fit on one glass slide, allowing observation of the
three cell types, with and without PDGF, during the
same experiment. Before experiments, the wells were
sterilized with 70% ethanol and incubated with 0.2 mg/
mL fibronectin (Millipore) in PBS at 37 �C for at least
2 h. Cells were passaged, seeded at 100 cells/well, and
allowed to adhere for at least 6 h prior to the start of
experiments. Immediately before imaging, the medium
on the cells was replaced with phenol red-free medium
containing 25 mM HEPES (Gibco). Half of the wells

also contained 100 ng/mL PDGF; the concentration
was chosen to be half-maximal concentration in the
chemotactic gradient, thereby matching the average
PDGF concentration inside the constriction channels.
After replacing the medium, a glass slide was placed
over the wells to limit evaporation; the PDMS assembly
was then placed in a temperature-controlled chamber
on a Zeiss LSM 700 confocal microscope (AxioOb-
server) equipped with a CCD camera (CoolSNAP EZ,
Photometrics) and a motorized stage (Zeiss). Time-lapse
images were recorded every 10 min for 8–14 h total.
Image sequences used for the analysis of cell migration
were acquired with a 209 objective in widefield/phase
contrast mode. Following the experiment, the position
of the cells was tracked using the Manual Tracking
plugin in ImageJ, and the average velocities were
obtained. Cells that divided or were in contact with
other cells were discarded from the analysis.

Statistical Analysis

Experiments were performed at least three indepen-
dent times. Statistical analysis was performed with
PRISM 3.0 software (GraphPad) and SAS v 9.13 (SAS
Institute 2003). Data representing two groups were
compared by unpaired Student’s t test with Welch’s

FIGURE 7. Cells with reduced levels of lamin A/C migrate through narrow constrictions more efficiently. (a) Representative
images of migration devices after 48 h of migration, revealing increased numbers of Lmna+/2 and Lmna2/2 cells that have passed
through the constrictions. (b) Quantitative analysis of cell numbers that have passed through the channels after 48 h. Cells with a
reduced expression of lamins A/C had significantly larger numbers than wild-type cells. (c) Cell numbers were adjusted for the
different proliferation rates between cell lines. The adjusted data confirmed that cells with reduced levels of lamins A/C were more
efficient at migrating through the narrow constrictions. N = 8 (from three independent experiments); **, p < 0.01, ***, p < 0.001,
compared to Lmna+/+ cells. Scale bar: 200 lm.
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correction to allow for different variances. For samples
that did not follow a Gaussian distribution (perfusion
transit times), data were compared with the non-para-
metric Mann–Whitney test. Data representing three
groups (migration and perfusion transit times and cell
number studies; Figs. 4, 5 and 7) were compared using
an omnibus F-test and Tukey–Kramer multiple-means-
analysis. Statistical correlation between constriction
size and migration transit time for each cell line was
analyzed using the Pearson test (Fig. 5). The data in the
cell number study (Fig. 7) were transformed using a
log(x + 1) transformation prior to analysis to better
meet the assumptions of variance of the ANOVA. Data
are expressed as arithmetic mean ± SEM. For all
experiments, a two-tailed p-value of less than 0.05 was
considered significant.

RESULTS

Nuclear Deformation During Migration in Confined 3-D
Environments

It is now well established that cell motility in 3-D
environments can substantially deviate from cell
migration on flat substrates.11,31 Recent reports further
suggest that the deformability of the cell, and partic-
ularly the nucleus, may present a rate-limiting factor in
3-D migration.13,18,44 However, most current strategies
to study cell migration in 3-D environments are limited
in their ability to quantitatively assess the effect of the
physical environment on single cells: collagen matrices
used for 3-D cell migration contain randomly distrib-
uted pores of variable size44 and the dense collagen
network can make high resolution imaging challeng-
ing; transwell migration assays and Boyden chambers,
on the other hand, have precisely defined pore sizes but
do not allow real-time imaging of the cells traveling
through the narrow constrictions at high resolution.
We have therefore designed a novel microfluidic device
in which cells migrate along a chemotactic gradient
through well-defined constrictions (Fig. 1). The device
is composed of an array of 5 lm tall channels con-
taining a series of increasingly narrower constrictions
measuring 5, 3 and 2 lm in width, respectively. Small
lateral openings (Fig. 1a, white arrowhead) between
the channels assure a uniform chemotactic gradient
across the constrictions and nutrient supply to the
cells, while intermittent 15 lm wide channels (Fig. 1a,
black arrowhead) serve as controls to account for
inherent differences in migration speed. By imaging the
fluorescence intensity distribution of Texas Red-la-
beled dextran, we confirmed that gradients formed
rapidly (<30 min) within the device and remained
stable over the time-course of the experiments

(Figs. 1b and 1c). Using this device, we obtained high
resolution time-lapse sequences of fibroblasts moving
along a PDGF gradient through the constrictions,
revealing substantial nuclear deformations as the cells
squeezed through the constrictions (Figs. 2a, 2b, 2c,
and 2d), including deformation of the nuclear lamina
(Fig. 2c). In some cases, what appeared like buckling
of the nuclear lamina was observed in cells expressing
GFP-lamin A (Fig. 2c), possibly due to the presumably
more rigid nuclear lamina in these cells. Importantly,
the cells took up the entire height of the channels and
adhered to both the top and the bottom of the fibro-
nectin-coated channels (Fig. 2b), indicating that the
device presents a true 3-D environment to the cell.
Furthermore, the height of the channels (5 lm) was
sufficient to confine the nucleus, as evidenced by the
reduction in nuclear height as cells entered the chan-
nels (Fig. 2d).

Cells with Lower Lamin A/C Expression have More
Deformable Nuclei

Given the large nuclear deformations required to
pass through the narrow constrictions in our micro-
fluidic channels and observed during non-proteolytic
cell migration in dense collagen matrices,44 we
hypothesized that cells with more deformable nuclei
may be able to transit faster through constrictions that
are smaller than the nuclear diameter. The deforma-
bility of the nucleus is primarily governed by the
chromatin and the mechanical properties of the nu-
clear envelope.7 In particular, the nuclear envelope
proteins lamins A/C are one of the major determinants
of nuclear deformability, and MEFs from lamin A/C-
deficient mice (Lmna�/�) have substantially softer nu-
clei than cells from wild-type littermates (Lmna+/+),
with heterozygous cells (Lmna+/�) displaying an
intermediate phenotype.24 As the Lmna+/+, Lmna+/�

and Lmna�/� MEFs have been well characterized in
terms of their nuclear mechanics24,25 and their migra-
tion on 2-D substrates,10,17,26,28 we focused our sub-
sequent studies on these cells. To confirm the increased
nuclear deformability of the lamin A/C-deficient cells
during passage through narrow constrictions, we per-
fused cells through microfluidic channels with con-
strictions smaller than the size of the nucleus (Fig. 3a).
The lamin A/C-deficient cells passed through the
constrictions significantly faster than wild-type con-
trols (Figs. 3a and 3b), indicating that they had softer
nuclei that required less time (and energy) to deform.
We further confirmed the increased nuclear deforma-
bility of the lamin A/C-deficient cells using nuclear
micropipette aspiration assays (Fig. 3c), consistent
with previous results of cells with reduced levels of
lamins A/C.22,30,38
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Cells with Lower Lamin A/C Levels Migrate Faster
Through Narrow Constrictions

To test whether reduced levels of lamins A/C and the
associated increased nuclear deformability could
improve the ability of cells to migrate through confined
environments, we measured the migration transit time
(Fig. 4) ofLmna+/+,Lmna+/� andLmna�/�MEFs cells
migrating throughprecisely defined constrictionsof 5 lm
height and 5, 3, or 2 lmwidth (see Fig. 1). The cells with
reduced lamin A/C levels (Lmna+/� and Lmna�/�) had
significantly shortermigration transit times through the 3
and 2 lm wide constrictions than the wild-type cells
(Fig. 5a; see also Supplemental Data for representative
videos); the difference between theLmna+/� andLmna�/
� cells was not statistically significant. In the 5 lm wide
constrictions, the cells with lower lamin A/C levels dis-
played a trend towards fastermigration transit times, but
the difference between the cell lines was not quite statis-
tically significant (p = 0.057).

To account for inherent differences in the migration
speeds between the three cell lines in unconfined con-
ditions (Figs. 6a and 6b), we normalized migration
transit times through the various constrictions by the
corresponding migration transit times in the 15 lm-
wide channels for each cell line. This normalization
allows for a more general comparison of the effect of
small constrictions on the migration behavior of the
different cell lines. A normalized migration transit time
larger than ‘1’ indicates that cells from a given cell line
take longer to migrate through a given constriction
than the same cells would take to pass through a large
channel that does not require nuclear deformation. For
the 5 lm-wide constrictions, all three cell lines had
normalized migration transit times close to ‘1’, indi-
cating that this constriction size had no significant ef-
fect on cell migration (Fig. 5b, left graph). However,
when further reducing the constriction size, this
resulted in progressively increasing normalized migra-
tion transit times for the wild-type cells, particularly in
the 2 lm-wide constrictions (Fig. 5b, right graph).
These data suggest that in wild-type cells, nuclear
deformability becomes rate-limiting when passing
through openings substantially smaller than the nu-
cleus. In contrast, for cells with reduced levels of
lamins A/C, restricting the constriction size down to as
small as 2 9 5 lm2 had no effect on the migration
transit time. In fact, for these cells the migration transit
times through the narrow constrictions were indistin-
guishable from those for the 15 lm-wide channels, i.e.,
the normalized migration transit time remained close
to ‘1’ (Fig. 5b, right graph), suggesting that the nuclei
of these cells do not significantly resist deformation in
the constriction sizes tested.

Effect of Lamin Expression on Cell Migration
is Independent of PDGF-Gradient

To test whether the results depend on the specific
chemotactic gradient used here (i.e., PDGF), we also
performed experiments on cells migrating through the
constriction channels without a chemotactic gradient.
We found that the experimental observation remained
the same: the Lmna+/+ cells took significantly longer
to pass through the narrow (2 9 5 lm2) constrictions
than the 15 lm-wide constrictions (p< 0.001), and the
Lmna+/+ cells had significantly increased normalized
migration transit times through the 2 9 5 lm1 con-
strictions compared to Lmna�/� cells (Fig. 5c). Just as
in the experiments with the PDGF gradient, Lmna+/�

cells displayed an intermediate phenotype between the
Lmna+/+ and the Lmna�/� cells. Taken together, these
results suggest that differences in lamin A/C expression
and the associated changes in nuclear deformability,
rather than differential responses to the chemotactic
gradient, are responsible for the different abilities to
pass through constrictions smaller than the nuclear
diameter.

We conducted additional assays in which cells were
induced to migrate through the constrictions in the
absence or presence of a chemotactic gradient while
being maintained in a cell culture incubator. For these
experiments, we used devices without the 15 lm-wide
channels to ensure that all cells had migrated through
the narrow constriction channels. After 48 h, signifi-
cantly more Lmna+/� and Lmna�/� cells had passed
through the constrictions than wild-type cells (Figs. 7a
and 7b), confirming the results obtained in the time-
lapse microscopy studies. However, we observed that
lamin A/C-deficient cells proliferate faster than wild-
type cells (doubling times were 0.68, 1.0, and 1.6 days
for the Lmna�/�, Lmna+/�, and Lmna+/+ cells,
respectively), which could affect the number of cells on
both sides of the constriction after 48 h despite iden-
tical initial seeding densities. We therefore also com-
pared migration efficiency after normalizing the cell
numbers to the proliferation rate for each cell line.
Importantly, even after accounting for the different
proliferation rates, cells with reduced levels of lamins
A/C had significantly higher migration efficiencies
through the narrow constrictions than wild-type cells,
while differences between Lmna+/�, and Lmna�/� cells
were not statistically significant (Fig. 7c). Experiments
performed without a PDGF gradient produced similar
findings (data not shown). Taken together, these data
demonstrate that cells with reduced levels of lamins
A/C, which have more deformable nuclei, are signifi-
cantly more efficient at migrating through constric-
tions smaller than the size of the nucleus.
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DISCUSSION

Using novel microfluidic migration devices that
enable imaging of nuclear deformation during cell pas-
sage through tight constrictions in 3-D environments,
we found that reduced levels of lamins A/C result in
enhanced transit efficiency during passive perfusion and
active cell migration. These results provide further
support for an important role of nuclear mechanics in
3-D cell migration and indicate that changes in nuclear
envelope composition, which often affect nuclear
deformability, can have important implications in the
ability of cells to move through dense tissues or other
confined spaces. Cells embedded in dense collagen
matrices show severe nuclear deformations when MMP
activity is inhibited, and reducing the pore size between
collagen fibers to less than�6 lm2 (or about 1/10 of the
cross-sectional area of the unconfined nucleus) causes
stalled cell migration and nuclei forming long protru-
sions as they unsuccessfully attempt to pass through the
constriction.44 Similarly, breast cancer cells moving
through microfluidic PDMS channels have significantly
decreased rates of migration when the channel size is
reduced below 8 lm 9 5 lm,14 and osteosarcoma cell
migration is impaired when channel width is reduced
below 20 lm.39

In our experiments, we did not observe permanent
arrest of cell migration, even in the 2 9 5 lm2 con-
strictions; however, when using migration channels
with similar design but a channel height of only 3 lm,
migration efficiency was substantially lower than in the
5 lm tall constriction channels, particularly for the
wild-type cells (data not shown). Importantly, even
though the cells in our experiments had not reached
the ‘nuclear deformation limit’ beyond which 3-D cell
migration stalls,44 nuclear deformability had nonethe-
less a strong effect on migration efficiency through
constrictions smaller than the unconfined nuclear
diameter. In wild-type cells, migration transit times
negatively correlated with a decrease in constriction
size (p< 0.01), and migration through 2 9 5 lm2-
sized constrictions was significantly slower than
through the 15 9 5 lm2-sized reference channels. In
contrast, cells with reduced levels of lamins A/C, which
have more deformable nuclei,24,25 needed less time to
pass through the narrow constrictions than wild-type
cells; furthermore, their migration transit times were
independent of the size of the constriction, at least
down to the 2 9 5 lm2-sized constrictions used in our
experiments.

To further compare the migration behavior of cells
in 2-D and 3-D environments, we also performed sin-
gle cell migration experiments on 2-D glass substrates.
In these experiments, wild-type cells were significantly
slower than lamin-A/C deficient cells (Fig. 6), sug-

gesting some inherent cell line-to-cell line variation and
prompting us to use normalized migration transit times
for further analysis to account for differences in
migration speed in unconfined conditions. In addition,
we also used migration devices with 15 lm tall chan-
nels to assess the migration speeds under the influence
of a chemotactic gradient in 2.5-D, i.e., cells adhering
to the side-walls and bottom or top, but not the top
and bottom simultaneously. Similar to the results of
the 2-D experiments, the wild-type cells migrated more
slowly than the lamin A/C-deficient cells. Interestingly,
while we observed similar migration speeds between
2.5-D and 3-D migration for the lamin A/C-deficient
cells (Fig. 6b), the wild-type cells had lower migration
velocities in the 5 lm tall channels (3-D migration)
compared to the 15 lm tall channels (2.5-D migra-
tion), suggesting that wild-type cells already resist nu-
clear compression when reducing the available height
down to 5 lm (see Fig. 2d), impairing their migration.
Thus, normalizing the migration transit times with the
(faster) transit times through the 15 lm wide sections
in the 15 lm tall channels, rather than the
(slower) times for the 5 lm tall channels as done in the
current analysis, would result in even greater differ-
ences between the wild-type and lamin A/C-deficient
cells.

As PDGF is a known effector of lamin A/C phos-
phorylation,9 and lamin A/C can conversely affect
several signaling pathways involved in cell migration,19

we performed additional experiments to assess the
effect of the PDGF chemoattractant on cell migration
in wild-type and lamin A/C-deficient cells in more
detail. Wild-type cells, but not lamin A/C-deficient
cells, responded to the PDGF gradient by increasing
their migration speed through the constriction chan-
nels compared to cells migrating without a PDGF
gradient. However, this effect was independent of the
constriction size (data not shown); hence, the PDGF
gradient had little effect on the normalized migration
transit times (compare Figs. 5b and 5c). Importantly,
migration transit times for wild-type cells were always
significantly longer than corresponding transit times
for lamin A/C-deficient cells, regardless of the absence
or presence of a PDGF gradient. Thus, the rate-lim-
iting role of nuclear deformability in 3-D migration
through narrow constrictions, governed by levels of
lamins A/C, was independent of the chemoattractant
used in the experiments.

Furthermore, the improved migration efficiency of
the lamin A/C-deficient cells during 3-D migration
through narrow constrictions could not be explained
by differences in nuclear size, as the cells with reduced
lamin A/C levels had larger nuclei than the control
cells, with nuclear cross-sectional areas of 330 ± 10,
320 ± 10, and 210 ± 10 lm2 for Lmna�/�, Lmna+/�
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and Lmna+/+ MEFs, respectively. In fact, the larger
nuclear size of theLmna�/� andLmna+/� cells would be
expected to impair cell migration through narrow con-
strictions, pointing to an even greater effect of lamin
A/C levels on cell motility. Further support for the
importance of nuclear lamins and nuclear deformability
on 3-D cell migration comes from a recent study in
which cells expressing progerin, a lamin A mutant that
results in more rigid nuclei,6,40 had difficulties passing
between microposts positioned 6 lm apart, but showed
no difference in unconfined migration.2 Similarly,
ectopic overexpression of lamin A dramatically reduced
the ability of neutrophil-like cells to pass through nar-
row constrictions during passive perfusion or active
migration.33 Importantly, neutrophils normally have
highly lobulated nuclei and downregulate lamins A/C
and other nuclear envelope proteins during granulo-
poiesis while upregulating expression of lamin B recep-
tor29; it has long been speculated that this change in
nuclear envelope composition and the associated
changes in nuclear shape and stiffness enhance the
ability of neutrophils to migrate through microscopic
openings between endothelial cells during extravasation
and promote mobility in tissues during infection.13,33

Developmentally or environmentally regulated changes
in lamin A/C expression have also been postulated to
contribute to enhanced nuclear deformability in stem
cells and may contribute to the correct trafficking of
hematopoietic stem cells.35,38

Interestingly, even though Lmna+/� cells have only
50% reduced levels of lamins A/C and their nuclear
deformability falls between that of Lmna�/� and wild-
type cells, the ability of Lmna+/� cells to migrate
through narrow constrictions was virtually indistin-
guishable from that of Lmna�/� cells (Figs. 5 and 7).
One possible reason is that lamins A/C form an
extended part of the LINC (Linker of nucleoskeleton
and cytoskeleton) complex.5,16 Consequently, complete
loss of lamins A/C will not only increase nuclear
deformability, which should enhance migration effi-
ciency, but can also disrupt force transmission between
the nucleus and the cytoskeleton, which could nega-
tively affect cell migration.18 Consistent with this idea,
recent studies found that complete loss of lamins A/C
or LINC complex disruption impairs the physical
coupling between the actin cytoskeleton and nucleus,
resulting in impaired cell polarization and migration
on 2-D substrates10,17,26–28 and in 3-D collagen
matrices.23 Cells with reduced (but not absent) levels of
lamins A/C, such as the Lmna+/� MEFs, may thus
benefit from the increased nuclear deformability
caused by reduced lamin A/C expression while
retaining near-normal nucleo-cytoskeletal coupling.

In conclusion, the role of lamins A/C in contribut-
ing to nuclear stiffness has important implications in

determining the ability of cells to pass through narrow
constrictions during 3-D migration or perfusion
through narrow capillaries. These properties are not
only relevant in various physiological processes, but
are also attracting increasing interest in the study of
cancer metastasis, as altered expression of lamins has
been reported in a variety of human cancers (reviewed
in Ho and Lammerding19). Breast cancer tumor cells,
for example, often have reduced expression of lamins
A/C,3,42 and loss of lamins A/C negatively correlates
with disease-free survival.42 The increased nuclear
deformability associated with reduced lamin A/C levels
may promote invasion of metastatic cancer cells into
surrounding tissues and spreading through the vascu-
lar and lymphatic system, thereby constituting a sub-
stantial risk factor on top of gene-regulatory changes
linked to altered lamin expression.19 Thus, an im-
proved understanding of the multifaceted function of
lamins has the potential to uncover novel therapeutic
targets in cancer metastasis and diseases caused by
mutations in nuclear envelope proteins.
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